The pituitary gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH), are mainly under the control of hypothalamic gonadotropin-releasing hormone (GnRH), which regulates male and female gonadal function. GnRH is released in a pulsatile manner from the hypothalamus, and the frequency of GnRH pulses determines the dominance of output of LH and FSH from pituitary gonadotrophs. That is, more rapid pulses of GnRH preferentially increase synthesis and secretion of LH, whereas FSH is preferentially stimulated by slower GnRH pulses. The detailed mechanisms underlying this phenomenon remain unknown. Pituitary adenylate cyclase-activating polypeptide (PACAP) was originally identified as a hypothalamic activator of cAMP production in pituitary cells. PACAP is produced within the pituitary gonadotroph as well as in the central nervous system. PACAP stimulates gonadotropin alpha-, LHbeta-, and FSHbeta-subunits as well as receptors for GnRH in the pituitary gonadotropin-secreting cells. In addition, its own receptor, PACAP type I receptor (PAC1R), is also regulated by PACAP in gonadotrophs. GnRH stimulates expression of PACAP as well as PAC1R, and lower frequencies of GnRH pulses preferentially increase PACAP and PAC1R expression in gonadotrophs. Increasing concentrations of PACAP further increase the levels of gonadotropin subunit and that increasing amounts of PAC1R in gonadotrophs potentiates the effects of PACAP or GnRH on gonadotropin subunit expression. In addition, we have observed that GnRH-increased FSHbeta-subunit expression was prevented in the presence of PAC1R antagonist. These observations suggest the involvement of locally produced PACAP and its PAC1R in the differential regulation of specific gonadotropin subunit expression by pulsatile GnRH stimulation. Here, we review the possible involvement of PACAP and its PAC1R in gonadotropin control on the basis of our observations with gonadotroph cell lines.
INTRODUCTION: EXPRESSION OF GONADOTROPIN SUBUNITS IS DEPENDENT ON GnRH PULSE FREQUENCY
The pituitary gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH), regulate reproductive function through synthesis of sex steroid hormone, growth of follicles, and maturation of oocytes [1] . LH and FSH contain a common a-subunit and specific LHb-and FSHb-subunits [2] and are mainly under the control of hypothalamic gonadotropin-releasing hormone (GnRH), which is released into the hypophyseal portal vascular system [3] . GnRH is released from the hypothalamus in a pulsatile manner, and the pattern of GnRH pulses varies physiologically during the reproductive cycle [4] . LH and FSH are under the control of pulsatile GnRH stimulation, and the GnRH pulse frequency determines the specificity of gonadotropin synthesis and secretion. Knobil [5] first demonstrated that pulsatile, but not continuous, secretion was necessary to maintain secretion of LH and FSH. Moreover, Wildt et al. [6] first reported that changes in GnRH pulse frequency differentially regulate release of LH and FSH from the pituitary gland. In an experiment using an ovariectomized rhesus monkey in which the hypothalamus was artificially destroyed, administration of more rapid frequencies of GnRH pulses increased the secretion of LH, whereas slower frequencies of GnRH pulses decreased LH secretion but increased FSH secretion. In rats, the common a-subunit of gonadotropin is preferentially transcribed at high GnRH pulse frequencies (one pulse every 8-30 min). The LHb-subunit gene is transcribed at intermediate GnRH pulse frequencies (one pulse every 30-60 min), and the transcription of the FSHbsubunit gene is favored at slower pulse frequencies (one pulse every 120-240 min) [7, 8] . This phenomenon also has been observed in a gonadotroph cell line, LbT2 cells. This cell line expresses the gonadotropin a-, LHb-, and FSHb-subunits as well as the GnRH receptor and both synthesizes and releases LH and FSH under the control of GnRH [9] . In this cell line, LHb gene expression is maximally stimulated by a GnRH pulse interval of 30 min, whereas FSHb gene expression is preferentially stimulated by a slower GnRH pulse interval of 2 h [10, 11] . The detailed mechanism behind the recognition of the GnRH pulse frequency by the gonadotrophs and their response to induce expression of specific gonadotropin subunits remains to be elucidated.
DISCOVERY OF PACAP AND ITS MULTIFUNCTIONAL EFFECTS
Pituitary adenylate cyclase-activating polypeptide (PACAP) was isolated in 1989 from the sheep hypothalamus on the basis of its ability to stimulate cAMP accumulation in rat pituitary cells [12] . PACAP is the most highly conserved member of the vasoactive intestinal peptide-secretin-glucagon peptide superfamily [13] . It is present in two amidated forms, PACAP27 and PACAP38, and its receptors are expressed not only in the central nervous system but also in peripheral organs [14] . PACAP binds to three receptor subtypes, the PACAP type 1 receptor (PAC1R) isoform, the vasoactive intestinal polypeptide type 1 receptor (VPAC1R), and the VPAC2R, all of which belong to the family of G protein-coupled receptors, which are expressed in a variety of tissues [14] . When bound to their ligands, receptors for PACAP initiate a complex network of signaling pathways that includes the phospholipase C/protein kinase C/calcium and adenylate cyclase/protein kinase A (PKA) pathways. The predominant receptor for PACAP, PAC1R, couples mainly to G s protein and induces rapid cAMP production, which ultimately activates PKA [12] . Consequent to the extensive distribution of PACAP and its receptors, PACAP exerts an array of functions on the nervous, immune, cardiac, gastrointestinal, and respiratory systems as well as on bones and a number of endocrine systems [14] . PACAP affects the exocrine and endocrine pancreas, hepatocytes, osteoblasts, adrenal medulla and cortex, testis and ovary, thyroid, pineal, neurohypophysis, and pars tuberalis.
PACAP EFFECTS ON ANTERIOR PITUITARY CELLS
The ability of PACAP to stimulate cAMP formation in pituitary cells provided the first evidence that the peptide may act as a hypophysiotropic neurohormone [15] , and PACAP binding sites have been characterized on rat and frog anterior pituitary membranes [16, 17] . The PACAP-immunoreactive fibers, which are located in the supraoptic and paraventricular nuclei, connect with the anterior pituitary through the hypophyseal portal blood vessels [18] . PACAP stimulates the release of growth hormone, adrenocorticotropin, LH, FSH, and prolactin-and thyroid-stimulating hormones [12] in rat pituitary cells. Release of a-melanophore-stimulating hormone from melanotrope cells within the intermediate lobe of the pituitary is also stimulated by PACAP [19] . Although initially PACAP was viewed as a hypothalamic-hypophysiotropic neuropeptide, it is expressed in all endocrine cell types as well as in folliculostellate cells of the adenohypophysis [20] . PACAP is produced in the pituitary and has a paracrine/ autocrine mechanism of action [21, 22] . Much evidence has emerged suggesting the involvement of PACAP in reproductive functions. Release of PACAP from rat pituitary cell cultures depends on the stage of the estrous cycle and the number of PACAP-releasing cells rises in late proestrus [23] . PACAP mRNA expression in the hypothalamic paraventricular nucleus and anterior pituitary varies between proestrus and estrus [22] .
PACAP REGULATES GONADOTROPHS
Although gonadotropin secretion is predominantly regulated by hypothalamic GnRH [4] , evidence now suggests that PACAP acts either alone or synergistically with GnRH to stimulate LH and FSH expression and secretion [24, 25] . In the male rat, intra-atrial injection of PACAP increases the plasma levels of LH and FSH [26, 27] . PACAP stimulates the release of LH and uncombined glycoprotein a-subunit from rat pituitary cell culture [26] , and these effects occur with a concomitant increase in cytosolic calcium concentration [28] . The effect of PACAP on LH secretion is modest compared to that of GnRH, and rat pituitary cells desensitize rapidly to PACAP stimulation of LH secretion [29] . In addition, PACAP affects the expression of each gonadotropin subunit gene. Another study using immature gonadotroph cell lines, such as aT3-1 and LbT2 cells, has also shown an effect of PACAP on gonadotropin subunit regulation [30] [31] [32] [33] . PACAP also stimu- FIG. 1 . Effect of PACAP antagonist on GnRH-induced FSHb-subunit mRNA expression. LbT2 cells were treated with 100 nM GnRH for 48 h in the presence or absence of the PACAP antagonist, PACAP6-38. FSHb-subunit mRNA levels were measured by quantitative real-time PCR after mRNA extraction and reverse transcription. Samples from each experimental group were run in duplicate and normalized to the mRNA levels of GAPDH, a housekeeping gene. The results are expressed as the fold-stimulation over the unstimulated group/control. Values are presented as the mean 6 SEM of triplicate samples. The difference between GnRH and GnRH plus PACAP6-38 was statistically significant (P , 0.05). *P , 0.05; **P , 0.01 versus control. Adapted with permission from Kanasaki et al. [36] .
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lates the transcription of the GnRH receptor as well as its own PAC1R in aT3-1 and LbT2 cells [34] [35] [36] .
POTENTIAL ROLES OF PACAP IN GnRH PULSE FREQUENCY-DEPENDENT GONADOTROPIN LHb-AND FSHb-SUBUNIT EXPRESSION
The GnRH and PACAP signals evidently interact in gonadotrophs. GnRH stimulates PACAP expression in gonadotrophs as well as in folliculostellate cells [37] . GnRH stimulates the expression of PAC1R [36] , whereas PACAP also increases the levels of GnRH receptor in a cAMPdependent mechanism [34, 35, 38] . These observations suggested that GnRH and PACAP modulate their functions on gonadotrophs through changing their receptor levels. In experiments using LbT2 cells, high-frequency GnRH pulses predominantly increased the LHb-subunit, whereas lower frequencies of GnRH pulse stimulation preferentially increased the FSHb-subunit, as mentioned. When cells were exposed to lower frequencies of GnRH pulses, expression of PACAP as well as PAC1R within the gonadotrophs was increased compared to when the cells were stimulated with high frequencies of GnRH pulses [36] . Similar to pulsatile GnRH stimulation, higher frequencies of PACAP pulses increase LHb-subunit, whereas lower frequencies of PACAP pulse simulation predominantly increase FSHb-subunit, in LbT2 cells [35] . PACAP and PAC1R expression within the cell is higher under lower frequencies of PACAP pulses [35, 39] . On the other hand, although a number of factors affect the expression of the GnRH receptor, most notably GnRH itself affects GnRH receptor expression. The number of cell-surface GnRH receptors is increased at higher frequencies of GnRH pulses [40] . The expression of the LHb-subunit gene is optimally stimulated by a relatively high cell-surface density of GnRH receptors, whereas expression of the FSHb-subunit gene is favored at a lower density of receptors [10, 41] . Increasing concentrations of PACAP or increasing densities of PAC1R certainly increase the action of PACAP on gonadotropin subunit gene expression [39] ; however, at present, the mechanisms explaining how PACAP and its receptor contribute the differential regulation of LHb-and FSHb-subunit expression remain unknown. The observation that GnRHinduced FSHb-subunit gene expression was significantly prevented in the presence of PAC1R antagonist [36] supports the hypothesis that PACAP, which is produced in gonadotrophs, may be a player in GnRH pulse frequency-dependent gonadotropin regulation as an autocrine/paracrine factor (Fig.  1) . In addition, a recent study demonstrated that the cell-surface density of PAC1R potentiates the action of GnRH on gonadotropin subunit gene expression [42] .
ROLE OF PACAP IN ASSOCIATION WITH FOLLISTATIN
Activin, which is produced in various tissues, stimulates FSH synthesis by direct action [43] . Pituitary-derived activin acts in an autocrine/paracrine fashion to stimulate FSHbsubunit gene expression via transcription [44] and/or mRNA expression [45] . On the other hand, follistatin decreases FSHbsubunit gene expression by binding to and bioneutralizing activin [46] . Follistatin is one of the key regulators of the hypothalamic-pituitary-ovarian axis and is produced by both gonadotrophs and folliculostellate cells [47] in the pituitary gland. The expression of the FSHb-subunit gene is regulated independently of LH and involves activin and follistatin from the pituitary as well as inhibin from the gonads [48] . Both activin and follistatin within the pituitary are regulated by GnRH [49] . PACAP also increases follistatin mRNA levels in primary pituitary cell cultures and activates the follistatin promoter by stimulating cAMP/PKA signaling [50, 51] . Follistatin expression in both gonadotrophs and folliculostellate cells was stimulated by PACAP as well as GnRH [52] . Following pulsatile GnRH stimulation, an increase in follistatin was observed only at a high frequency of GnRH pulses in rat pituitary culture [53, 54] as well as in LbT2 cells [55] . Because   FIG. 2 . Schematic summary of the involvement of PACAP and PAC1R in GnRH pulse frequency-dependent specific regulation of LHb-and FSHb-subunit gene expression. At high frequencies of GnRH pulse stimulation, GnRH receptor (GnRHR) expression was predominantly observed within the gonadotrophs. On the other hand, PACAP and PAC1R gene expression responded preferentially to lower frequencies of GnRH pulses without GnRH receptor induction. Locally produced PACAP and its PAC1R might participate in the specific expression of FSHb-subunit stimulated by lower frequencies of GnRH pulses. In contrast, follistatin gene expression within gonadotrophs was dependent on high-frequency GnRH pulses.
GONADOTROPIN REGULATION BY GnRH PULSE
FSH is preferentially stimulated by lower frequencies of GnRH pulses, these observations account for the inverse relationship between follistatin and FSH. Similar to the stimulation by GnRH pulses, FSHb-subunit is preferentially stimulated by a lower frequency of PACAP pulses; whereas the follistatin gene is predominantly stimulated at a higher frequency of PACAP pulses [35] .
CONCLUSIONS
The GnRH pulse frequency-dependent changes in gonadotropin subunits, the GnRH receptor, PACAP, and PAC1R are depicted in Figure 2 . PACAP was hypothesized to be a key player in reproduction in 1994 [56] . PACAP clearly has the potential to act at the pituitary level and regulate gene expression and release of gonadotropin. PACAP and its PAC1R are expressed within the pituitary gonadotrophs and are regulated by GnRH. Gonadotropin LHb-and FSHbsubunits are specifically increased by the pulsatile stimulation of GnRH. In addition, locally produced PACAP and PAC1R are also potentiated according to the frequency of GnRH pulse. Considering the evidence that PACAP and its receptor have the potential to stimulate gonadotropin subunit gene expression, locally produced PACAP and its receptor may be involved in the GnRH pulse frequency-dependent gonadotropin subunit gene expression. Follistatin, which is regulated by GnRH or PACAP, may participate in this process. To ascertain the physiologic relevance of PACAP and, especially, to evaluate the respective contributions of hypothalamic and pituitary PACAP in the dynamic control of gonadotropin function including GnRH pulse frequency-dependent specific regulation of gonadotropin subunit gene expression, further research is required.
